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ABSTRACT

Mean circulation and water properties within the Aleutian Basin of the Bering Sea are
investigated using hydrographic and Lagrangian displacement data from an array of 14
profiling CTD floats in the region. The floats cycle between a park pressure of 1000 dbar
and the surface. After 10 days at park pressure they rise to the surface, measure temperature
and salinity profiles, and then transmit these data via satellite before sinking again. The only
coherent mean velocity pattern measured at 1000-dbar is a northwestward flow of a few
cm s' along the northeastern boundary of the basin, the deep signature of the Bering Slope
Current. Water property distributions around the shallow temperature minimum and the
deeper temperature maximum are consistent with advection of warm water from the south
moving cyclonically around the basin, eastward in the Aleutian North Slope Current and then
northwestward in the Bering Slope Current. The geostrophic transport field between the
surface and the park pressure relative to that pressure also shows cyclonic motion, although
there is significant noise, likely owing to the influence of mesoscale eddies. The mean along-
slope geostrophic transport of the Bering Slope Current is determined between 0 and 1600
dbar relative to the park pressure and then combined with mean along-slope velocities at the
park pressure to estimate an absolute transport of the current offshore of the 1000-m isobath
and between 0 to 1600 dbar of 4.2 (+1.1) ® 16 ™ s , where the uncertainties are 95%

confidence intervals.



1. Introduction

The Bering Sea, located between Siberia and Alaska, is bounded to the south by the
arc of the Komandorskiye and Aleutian Islands and to the north by Siberia, with a narrow
connection to the Arctic Ocean through the Bering Strait (Fig. 1). The northeast portion of
the sea is a wide and shallow continental shelf. The deep portion of the sea is divided into
three connected deep basins, the largest of which is the Aleutian Basin. The smaller Bowers
Basin is partly enclosed by the Bowers Ridge, and the equally small Kamchatka Basin is
partly enclosed by the Shirshov Ridge. While the Bering Strait to the north is shallow, there
are numerous passes and straits within the island arc to the south, with the deepest three
being Kamchatka Strait (164 EB600-m sill depth), Near Strait {170 E2000 m), and
Amchitka Strait (180 [1L000 m).

The surface circulation of the Bering Sea has been estimated using satellite-tracked
drifters (Stabeno and Reed 1994), and can very roughly be described as a cyclonic gyre
(Stabeno et al. 1999). Currents within the region include an eastward flow along the southern
boundary of the deep Bering Sea, fed by northward flow through the island arc passes and
straits mentioned above (Reed and Stabeno 1994), named the Aleutian North Slope Current; a
northwestward flow along the northeast continental slope of the Aleutian Basin, the Bering
Slope Current (Kinder et al. 1975); and a southward flow offshore of Kamchatka that exits
the Bering sea through the Kamchatka Strait, the Kamchatka Current (Verkhunov and
Tkachenko 1992). However, apart from a few isolated current meter records (Schumacher
and Reed 1992, Cokelet and Stabeno 1997), there are very few direct measurements of the

subsurface flow in the deep Bering Sea.



Much of the knowledge of the subsurface circulation of the Bering Sea has come
through application of the geostrophic relation to data from hydrographic surveys to estimate
the flow field relative to a reference level of no motion, or occasionally, one of known
motion. In the Bering Sea, a level of no motion is often assumed to hold somewhere between
500 m and 1500 m (Kinder et al. 1975, Reed 1995). This assumption is often necessitated by
hydrographic station data that stop at mid-depth. The assumption is also usually applied with
the acknowledgement that the level of no motion is in reality likely to be a level of weak
motion. Since the absolute velocity field is only known in a few isolated locations at depth
(and the surface velocity field measured by Lagrangian drifters is not expected to be in close
geostrophic balance because of near-surface Ekman dynamics), often no better alternative has
been available. Water property distributions from hydrographic surveys, such as the relative
strength of the subsurface temperature minimum (Kinder et al. 1975), are sometimes used to
corroborate geostrophic calculations.

Despite the prevalence of mid-depth levels of no motion in the Bering Sea literature,
the few full-depth hydrographic surveys there (Roden 1995) show that geostrophic shear,
while it weakens with increasing depth, can extend to the abyssal sea floor. In fact,
referencing geostrophic velocities to a level of known motion using velocity data from a
shipboard acoustic Doppler current profiler (ADCP) has shown that velocities extend much
deeper than 500 to 1500 m in the Bering Sea, with geostrophic values of a féw cm s even at
the abyssal sea floor (Cokelet et al. 1996). While application of a mid-depth level of no
motion apparently does not introduce a strong error in near-surface velocity estimates within
the boundary currents (Reed 1995), it can introdfice 1 order error in the boundary current

transport estimates, because even weak deep velocities result in large transports when



integrated over current cross-sections (Cokelet et al. 1996).

Other potentially confounding influences on current transport estimates are the
energetic eddies that are so prevalent in the Bering Sea (Kinder et al. 1980, Schumacher and
Stabeno 1994, Okkonen 2001, Mizobata et al. 2002). Most synoptic hydrographic surveys
contain such eddies, whether they resolve them or not, and eddies at the edge of a
hydrographic survey that are not sampled completely can badly bias transport estimates.
Combining velocity data from drifters (Kinder et al 1980) and shipboard ADCPs (Cokelet et
al. 1996) with hydrographic data suggests these eddies have a significant expression (several
cm s') at mid-depth, and even at the abyssal sea floor.

Finally, there is a strong seasonal cycle in wind forcing over the deep Bering Sea
(Bond et al. 1994), with Ekman suction sufficient to drive a cyclonic gyre in topographic
Sverdrup balance in the Bering Sea with a volume transport as large as 15 Sv (1 S\*=1 x 10
m?* s*) in winter and as small as zero in the summer. Numerical model results suggest a
strong seasonal variation in gyre strength (Overland et al. 1994). A spring hydrographic
survey of the Kamchatka Current certainly showed a stronger transport than observed 6
months later in fall (Verkhunov and Tkachenko 1992). This change is consistent with this
hypothesized seasonal cycle, but there are probably not enough hydrographic data to
distinguish seasonal from interannual transport variations (Stabeno and Reed 1992).

Here we use hydrographic and Lagrangian displacement data from an array of 14
profiling floats deployed in the Aleutian Basin to investigate the water properties and absolute
circulation there. The focus is on the southeast corner of the basin, including the Bering
Slope Current. Float displacements at 1000-dbar are used to make estimates of the flow field

at that pressure (Davis 1998). Vertical profiles of temperature and salinity from the floats are



used in geostrophic calculations which are then combined with the direct estimates of 1000-
dbar velocity to determine an absolute flow field. The data are distributed over seasons and
the mesoscale eddy field, so the errors from these sources of noise in the determination of a

mean circulation can be estimated.

2. Data

Starting in May 2001, we deployed profiling CTD (Conductivity-Temperature-Depth)
profiling floats in the Bering Sea Basin. The floats were built at the University of
Washington from components purchased from Webb Research Corp. Each float was
equipped with a SBE-41 CTD from SeaBird Electronics Inc. The floats are programmed to
drift freely at a park pressure of 1000 dbar for ten days, then rise to the surface in under 3.5
hours, collecting CTD data at 60 predetermined pressures during their ascent. They then
remain on the ocean surface for slightly less than 11 hours, where they transmit data and their
positions are determined by satellite (Service ARGOS, Inc.). EVery 4 cycle the floats sink to
2000 dbar just before rising to the surface, collecting data at 70 pressures and remaining on
the surface for less than 7 hours. The floats are designed to last about 140 cycles each, for a
lifetime of 4 years. Over 19 months, 553 profiles from 14 floats have been collected in the
Bering Sea.

The salinity measurements from the floats are remarkably stable with respect to the
deep potential temperature-salinif$) relation. For instance, &t= 2°C, the floats measure
a mean and standard deviation S = 34.526 (+0.005). For comparison, values for the stations

from the World Ocean Circulation Experiment (WOCE) section P14N taken across the



Aleutian Basin (59 N, 176 W to 51’5 N, 180 ) in 1993 (Roden 1995) are S = 34.531 (x0.002).
Thus the mean float S is only about 0.005 higher than that from WOCE, with a variability

that, while 2.5 times that of WOCE, seems quite small for CTDs that have been in the field
for up to 19 months. However, such stable S measurements appear typical of these
instruments over even longer deployments. In light of this relative sensor stability, no attempt
has been made to adjust these data with respect to the climatoie§icalation (Wong et

al. 2003).

The drift velocity at the park pressure is estimated from the difference in position and
time between the last position fix before a float sinks and the first position fix after it rises
again about 10 days later. Two possible sources of error arise from this simple method. The
first error source is unmeasured surface drift, and the second influences of subsurface currents
as the floats rise and sink. The mean and standard deviation of float drift speeds at the
surface, 0.22 (+0.14) nt's , are much greater than those at park pressure, 0.039 (x0025) m's .
The float stays on the surface for roughly 10 hours, and during that time a variable number of
position fixes, 6 (+2), are obtained. Hence on average about 1/6 (or 1.6 hours) of the float
surface drift is unmeasured and erroneously ascribed to the park velocities, introducing an
error of roughly 4% in them. The ascent and descent rate of the floats, the mean
stratification, and the surface and park drift speeds can be all be combined to estimate that
subsurface currents introduce an additional error of roughly 6% in the park velocities. Since
these two errors are likely to be somewhat correlated, they can be summed for a worst-case
estimate of 10% error in the park velocities. To date 554 park displacements have been
measured in the Bering Sea, over 15 float-years worth of data.

These floats do occasionally run aground, potentially introducing significant biases into



their displacement data. If either the last position fix before descent or the first position fix
after surfacing is over water shallower than 1000 m, according to a high resolution

bathymetry (Smith and Sandwell 1997, version 8.2), the park depth velocity is deemed subject
to biases from float grounding, and is omitted from any calculations. This screening

eliminates 26 out of 555 float displacements.

3. Mid-depth velocities

The 10-day float displacements at 1000 dbar (Fig. 2) report a speed mean and standard
deviation of 0.039 (+0.025) m's in the Aleutian Basin (excluding groundings). The largest
displacements (highest speeds) occur when the floats are describing roughly circular motions
(both cyclonic and anticyclonic) with radii sometimes approaching 100 km. The radii are
much larger than the local 17-km first baroclinic radius of deformation for the Bering Sea
(Chelton et al. 1998). Typical speeds within these eddies are around 0’08 ms at 1000
dbar, and the floats take slightly less than 100 days to make a single circuit, although not
many stay in an eddy for an entire circuit. Eddies of similar size have been observed in
hydrographic data (Kinder et al. 1980) where surface geostrophic velocities in the eddies
referenced to 1500 dbar were about 0.08'm s less than those measured by surface drifters.
This difference is very close to the eddy velocities observed at 1000 dbar by the floats, and
both imply a potential eddy expression at the bottom. A study using shipboard ADCP data to
reference geostrophic velocities confirms that eddy velocities can reach to the bottom (Cokelet
et al., 1996).

The 1000-dbar velocity data are analyzed irf 0.5 latitude’by 1 longitude bins (roughly



55 km by 55 km at this latitude), to produce a mean field with error estimates (Fig. 3). First
float displacements from apparently grounded instruments are excluded. Then velocities are
computed from displacements and each velocity is assigned a position that is the average of
the last position fix before the float sinks and the first position fix after it rises again. The
mean velocity in each bin is computed, and deviations from those means are used to compute
a current ellipse (Emery and Thomson 1997). Each velocity results from a 10-day
displacement. Integral time scales from velocity autocovariances for the float displacements
(not shown) suggest that each velocity measurement is independent, so the current ellipses
can be scaled using the number of observations in the bin and Student’s t-distribution to
obtain a 95% confidence limit for the mean velocity vectors (Fig. 3).

Mean velocities are generally less than 0.05'm s , not well-organized, and not
significantly different from zero at 95% confidence limits (Fig. 3). With vigorous eddy
signatures in much of the Bering Sea, even at 1000-dbar, it is not surprising that the mean
there is difficult to determine. However, it is still early in the history of the array, so the
means are likely to become better known with time.

The one exception to this lack of pattern is the group of more rapid and coherent
northwestward velocities found offshore of the Bering Shelf, the 1000-dbar signature of the
Bering Slope Current. This current is visible in the individual float displacements (Fig. 2)
and in the general tendency for the mean velocities in the bins closest to the 1000-m isobath
to flow northwestward, paralleling the isobaths (Fig. 3). Many of the mean values in these
bins are significantly different from zero at 95% confidence limits. Since geostrophic
transport estimates of this current frequently assume a level of no motion near this pressure,

accurate estimates of the observed along-slope velocity at this pressure are desirable to



improve transport estimates. The Aleutian North Slope Current is not apparent in the float
displacements, perhaps because it is centered over the 1000-m isobath and is narrower than
the Bering Slope Current (Stabeno and Reed 2003).

More detailed estimates of the along-slope velocity field at 1000-dbar associated with
the Bering Slope Current are made. First, the closest range to the 1000-m isobath and the
bearing associated with that range is found for the mean position of each float park velocity.
Only data within the region containing the current are included (southwest of the Bering Shelf
within the Aleutian Basin, Fig. 1). There are 265 velocity estimates (each estimate
independent as mentioned above) within the study region, over 7 float-years of data. The
bearing for each velocity location is used to rotate the velocity data into along-slope and
across-slope components of the flow. The along-slope velocities are then averaged according
to range from the 1000-m isobath in 20-km bins, containing between 20 and 34 points in each
bin out to 160 km (Fig. 4), and fewer further offshore.

The signature of the Bering Slope Current is evident in the 3 bins closest to the 1000-
m isobath, with velocities reaching as high as 0.028 (+0.010) m's at 50 km from the coast.
Values in the bins 30 and 50 km from the 1000-m isobath (positive values signify flow in a
cyclonic sense around the basin) are significantly different from zero within 95% confidence
limits, the uncertainties quoted, whereas the bins further offshore have values that are much
closer to zero and are not statistically different from zero.

While these flows are not large when compared with surface velocities (Stabeno and
Reed 1994), even small flows integrated over the water column can amount to a significant
transport. If these 1000-dbar flows are applied as depth-independent between the surface and

1000 dbar and then integrated offshore of 1000-m isobath as a function of range, they amount
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to 1.1 (x0.4) Sv by 70 km offshore (Fig. 4). This transport is significant fraction of the
previous 5 Sv estimate for the Bering Slope Current above a 1500-dbar level of no motion
(Kinder et al. 1975). However, this estimate of the effect of the 1000-dbar velocities on the
current transport is a conservative one, because the flow undoubtedly extends below 1000
dbar (Roden 1995, Cokelet et al. 1996), even with geostrophic shear acting to diminish

velocities toward the sea floor.

4. Water property distributions

The Bering Sea pycnocline is dominated by salinity stratification, with a stabilizing
layer of fresh water overlying saltier water at depth (Fig. 5a, Roden 1995). In contrést, the
distribution includes a subsurface maximum within the permanent pycnocline (Fig. 5b, near
300 dbar) that originates from inflow of relatively warm Alaska Stream water into the Bering
Sea through the passes in the southern island arc (Reed 1995), modified by strong mixing
within the passes. Above that maximum B minimum (Fig. 5b, thick line near 200 dbar),
evident below the seasonal thermocline in all but the most extreme winter conditions (Fig. 5b,
thin line), when the minimum is renewed by surface cooling (Cokelet and Stabeno 1997).
These features can be used to infer the circulation patterns (Kinder et al. 1975). The
hydrographic data collected between the float park pressure and the surface are exploited here
to examine these water property distributions.

The mean potential density of the subsurfaceinimum isc, = 26.60 kg ¥ . This
value is very close to the maximum wintertime mixed laygobserved by the floats, as

would be expected for a feature renewed by wintertime surface cooling. While there is a lot
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of scatter irD on this potential isopycnal, the data show a clear seasonal cycle (Fig. 6). This
cycle is described here by annual and semiannual harmonics fit to the data. The isopycnal
rapidly cools over the winter season, from a high of 3.4 C in December to a low of 2.7 C in
April, just after the mixed layer is coldest, densest, and deepest. It then warms more slowly,
over the rest of the year, presumably owing to some combination of mixing acting on the
vertical extrema, and advection of warmer Alaska Stream water into the Bering Sea through
the southern island arc passes (Stabeno and Reed 2003).

An objective map 06 on o, = 26.60 kg it , with the seasonal cycle removed, shows
a relatively clear spatial pattern, colder in the center of the basin and warmer near the
boundaries (Fig. 7). The warm signature is strongest near its source, consisting of flow
through and mixing within the island arc passes. These warm waters appear to be advected
eastward along the southern boundary of the Aleutian Basin in the Aleutian North Slope
Current and then northwestward along the northeastern boundary of the basin in the Bering
Slope Current. Thé field ono, = 26.60 kg ri? is of course subject to cooling by
ventilation at the height of winter, but presumably the inflow of warmer waters from the
Alaska Stream counterbalances the wintertime heat loss.

From the float deployment period to date, the subsuffaneximum has tended
toward the cold[{13.8" C), densed, 126.81 kg n# ), and deep (p314 dbar) end of
historical values in the region (Reed 1995). Interannual variability of this maximum is
attributed to variability in the inflow from the south, and hydrographic surveys in some years
show much warmer water associated with the Aleutian North Slope Current than in others
(Reed 1995). The conditions observed by the float array suggest relatively weak inflow of

the Alaska Stream water through the passes during the float observation periddvalies
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at the mear, of the® maximum (not shown) are relatively uniform temporally. This
potential isopycnal is well below the wintertime mixed layer, and there is no significant
seasonal cycle ifi on it. The only discernible feature is a slight cooling of 0.05 C over the
19.5-month record. The spatial distribution of this field (also not show) is like an attenuated
version of the map on the median potential density of the sh&llomimum.

For a more detailed examination of the water property distributions associated with the
Bering Slope Current, data are again analyzed as a function of range from the 1000-m isobath
using data from the same region used for the 1000-dbar float velocity estimates within the
current (Fig. 1). The floal and S data are linearly interpolated to a 10-dbar pressure grid.
Mean seasonal cycles (annual and semiannual harmonics) are fit to both water properties
using all data within the region on each pressure surface. These seasonal cycles are then
removed. The data so modified are then smoothed as a function of range on each pressure
surface using a loess filter (Cleveland and Devlin 1988) with a 60-km half power point. This
processing averages over along-slope variations and eddies.

The resulting mean salinity section (Fig. 8a) illustrates several features associated with
the Bering Slope Current. Of course S increases monotonically downward as expected in the
Bering Sea. The isohalines, which largely follow isopycnals (not shown) tilt downward as
they approach the continental slope. This tilt is a signature of the along-slope geostrophic
shear in this current, with surface-intensified northwestward flow. There is clearly mean
geostrophic shear associated with the current that extends all the way to 1000 dbar.
Unfortunately, the infrequent sampling below 1000 dbar (evBry 4 profile extends to a target
pressure of 2000 dbar) makes detailed analysis of water property distributions below 1000

dbar a dubious exercise at present. Another prominent feature is the significant freshening of
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surface water approaching the continental slope, a signature of the transition between open
ocean and shelf waters (Kinder and Coachman 1978).

The mearD section (Fig. 8b) also reveals patterns typical of the Bering Slope Current.
In the Bering Sea, salinity dominates the stratification, so temperature is closer to a passive
tracer than in many other regions. The subsuffatenimum, found near 150 dbar, weakens
towards the slope. This weakening is a signature of the Bering Slope Current, and caused by
northwestward advection of warm water from the south within the current (Kinder et al.
1975). This pattern is also evident on isopycnal maps (Fig. 7). The more subtle sulfisurface
maximum is found between 300 dbar and 400 dbar. It strengthens slightly (although not
visibly) towards the slope, as expected given its southern source and the cyclonic circulation.
The surface layer (roughly mid-way between summer and winter values, as expected since the

seasonal cycle has been removed) hashat increases slightly toward the continental slope.

5. Geostrophic flow

In addition to velocity estimates at the park pressure of 1000 dbar, the floats allow
application of the geostrophic relation between the park pressure and the surface to obtain
circulation information. The floats often take their deepest measurements slightly shallower
than 1000 dbar, so geostrophic calculations are made between the sea surface and 990 dbarr,
relative to 990 dbar. In addition, since these calculations involve vertical integration, only
profiles with data from all nominal pressures are used, limiting the data set to 465 profiles.

The transport function Q (Sverdrup et al. 1942, pp. 463) is just the vertical integral of

the geopotential anomaly, referenced as desired, between two pressures. This quantity is used
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here to analyze the geostrophic transport between the surface and 990 dbar, relative to 990
dbar. Relative volume transports over this pressure range are locally parallel to Q isopleths.
Transports between Q isopleths are found by dividing their difference by f, the local Coriolis
parameter. If the range of the Coriolis parameter is small, an approximate relative transport
stream function can be constructed from,Q/f , where f = 1.26°x10 s is the Coriolis
parameter for the central latitude of the region of interest,’56.5 N for the deep Bering Sea.
This approximate transport stream function is biased about 5% low at the southern limit of
the deep Bering Sea, and about 5% high at its northern limit, small errors in comparison with
other noise sources. Differences of this quantity, and not its absolute value, yield transport
estimates, analogous to the relation between dynamic height gradients and geostrophic
velocity.

The annual cycle of Qff , (Fig. 9) has its lowest values in April and highest values in
September. When estimated over the entire basin the observed seasonal cycle reflects mostly
the seasonal temperature variability from the upper ocean. This variability has no direct
relation to seasonal transport variations within the basin, since it does not involve a spatial
difference in Q/f . The seasonal cycle is removed prior to further analysis. Numerical model
results suggest there may also be a seasonal cycle in basin current transports (Overland et al.
1994) due to variability in wind forcing (Bond et al. 1994). However, this cycle can not yet
be estimated with the float data.

An objective map of Q/f , reveals a familiar pattern, with relatively low values in the
center of the basin, and higher values around the periphery (Fig. 10). The map is made under
the same assumptions that were previously made for mappifignti@mum. The higher

values along the southern boundary of the Aleutian Basin are the signatures of the eastward
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flowing Aleutian North Slope Current. The higher values on the northeastern boundary of the
Aleutian Basin are the signatures of the northwestward flowing Bering Slope Current. The
significant variability in the values even after the mean seasonal cycle is removed is primarily
the signature of mesoscale eddies (Mizobata et al. 2002). The sampling density is not yet
sufficient to overcome the effect of this variability as mapped. One might expect a relatively
constant transport stream function around the rim of the Aleutian Basin. However, as a result
of the influence of eddies, the mapped values at the boundary exceed the central minimum
mapped value by between 0.5 Sv and 5 Sv.

Analysis of Q/f , as a function of range from the 1000-m isobath within the Bering
Slope Current region allows an estimate of the current transport between the surface and 990
dbar relative to 990 dbar using 232 data points (Fig. 11). The transport depends on the
difference of a value representative of Q/f at the 1000-m isobath and some (hopefully
constant) offshore value. Fitting an exponential function to these data versus range is one
way to estimate the transport and lateral scale of the current. This model gives a current
transport of 2.9 (x0.6) Sv and a lateral scale of 80 (x70) km, where the 95% uncertainties
have been determined using a delete-one jackknife (Efron 1982).

While the continental slope is steep in this region, there is a small cross-sectional area
between the 1000-m isobath and the shelf break. This region is not sampled by the floats
unless they run aground, which fortunately is an infrequent occurrence. The Bering Slope
Current does extend inshore of the 1000-m isobath (Kinder et al. 1975). However the small
cross-sectional area in which it has to flow limits the transport contribution of this portion of

the current (which can not be estimated here) to the overall transport in the current.
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6. Discussion

One could use the direct velocity estimates at the float park pressure of 1000 dbar to
construct a level of known motion at 1000 dbar (Davis 1998), rather than relying on the
assumption of a level of no motion at 990 dbar. However, given the rather noisy and
uncertain nature of the estimates outside of the Bering Slope Current (Fig. 6), this exercise
can not yet be done throughout the basin. The transport in the upper 1000 dbar within the
current resulting from the direct velocity estimates at 1000 dbar is 1.1 (+0.4) Sv (Fig. 4)
between the 1000-m isobath and 70 km offshore. This value can be combined with the
geostrophic transport estimate above made between the surface and 990 dbar, relative to 990
dbar (Fig. 10) to get an absolute estimate of the current transport, 4.0 (£0.8) Sv above 1000
dbar and offshore of the 1000-m isobath.

Significant along-shore velocities within the Bering Slope Current at the park pressure
(Fig. 4) suggest the current extends below 1000 dbar and the transport estimate made here
from the surface to 1000 dbar is incomplete. There is clearly vertical geostrophic shear in the
current at 1000 dbar (Fig. 4a) which extends below 1000 dbar, presumably slowly
diminishing with increasing pressure (Roden 1995, Cokelet et al. 1996). Analyzing Q/f
between 990 dbar and various deeper pressures (between 1100 - 1800 dbar) relative to 990
dbar (this time without subtraction of a seasonal cycle because none was appargnt in Q/f at
these pressures) shows that the total current transport is largest when integrated between the
surface and 1600 dbar. An exponential model results in a transport of -0.4 (£0.2) Sv between
990 and 1600 dbar relative to 990 dbar offshore of the 1000-m isobath and a lateral scale of

70 (x80) km. The relative transport value is negative because the reference level is 990 dbar,
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which we know from the direct velocity estimates is too shallow. Summing the direct
velocities at the park pressure applied depth independently over 1600 dbar with the
geostrophic transports between 0 and 1600 dbar relative to the park pressure gives a net
current transport estimate of 4.2 (+1.1) Sv. The large correlation between Q/f above and
below 990 dbar has been taken into account in propagating errors. This mean estimate is
only slightly larger than that above 1000 dbar, suggesting that most of the current is found

above 1000 dbar.
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Fig. 1. Bering Sea region with place names. Depths shallower than 1000 m are lightly shaded
and land is heavily shaded using version 8.2 bathymetry of Smith and Sandwell (1997). The
dashed line indicates the float array region, and the Bering Slope Current study region is
located northeast of the dotted line.
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Fig. 2. All 10-day displacements at 1000 dbar (including grounded values)
from the CTD profiling floats in the Bering Sea. A velocity scale is over the
Bering Shelf. The 1000 m isobath (thin line) is displayed for reference.
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Fig. 3. Mean velocities and error ellipses at 1000 dbar constructed from
analysis of individual float displacements (excluding grounded values) in 0.5
latitude by 1 longitude bins. Results from bins containing at least three
measurements are shown, using 88% of the individual displacements. Arrows
are centered on the mean position of the velocity measurements within the bins.
Current error ellipses are scaled so that if the mean vector reaches outside the
error ellipse, it is significant at 95% confidence limits. Details follow Fig. 2,
except for a change in velocity scale.
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Fig. 4. (a) Along-slope velocities within the Bering Slope Current as a function of range
from the 1000-m isobath with raw values (+’s), averages in 20-km bins (0’s with error
bars showing 95% confidence intervals), and a smooth curve drawn using a loess filter
with a 40-km half-power point (solid line). (b) Cumulative transport resulting from
application of the binned 1000-dbar velocities and their uncertainties over 0-1000 dbar
integrated as a function of range from the 1000-m isobath (solid lines) with 95%
confidence intervals (dot-dashed lines). Range is plotted in reverse to associate northeast
with the right hand side.
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Fig. 5. Vertical profiles of (a) salinity and (b) potential temperattyelotted

against pressure. A summer profile taken at 56.56 N, 176.00 W on 21 August

2001 (thick lines) is contrasted with a winter profile taken at 56.77 N, 176.65 W on
16 January 2002 (thin lines).
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Fig. 6. Potential temperatur@)(on the mean
potential density of the shallo@vminimum,
0, = 26.60 kg it , from the Bering Sea float
data (dots) plotted against time. A mean
seasonal cycle is described by annual and
semiannual harmonics fit to the data (solid
line).
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Fig. 7. Objective map of potential temperatliedn the mean potential
density of the shallow minimum, o, = 26.60 kg i . The mean seasonal
cycle (Fig. 6) is removed from the data prior to mapping. The map assumes a
Gaussian covariance incorporating correlation scale$ of 4 longitude, 2 latitude,
and 2 x 10 m $ in potential vorticity (the Coriolis parameter f over water
depth h) and a noise-to-signal energy of 0.0625. Contours {(at 0.1 C intervals)
stop where mapping errors exceed the assumed noise-to-signal energy. Data
values (dots) are shaded with the same color scale used for the contours.
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Fig. 8. Mean vertical sections of (a) salinity (S) contoured at 0.1 intervals and (b)

potential temperaturé) contoured at 0.5 C intervals as a function of pressure and

range from the 1000-m isobath in the region of the Bering Slope Current.
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Fig. 9. Approximate transport stream function
Q/f,(1 x 16 ni & ) between the surface and
990 dbar, relative to 990 dbar, from the Bering
Sea float data (+’s) plotted against time. A
mean seasonal cycle is described by annual
and semiannual harmonics fit to the data (solid
line).
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Fig. 10. Approximate transport stream function,Q/f between the surface and
990 dbar, relative to 990 dbar, from the Bering Sea float data contoured at 0.5
x 10 n? s' intervals. Details follow Fig. 7.
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Fig. 11. Approximate transport stream
function Q/f between the surface and 990
dbar, relative to 990 dbar within the Bering
Slope Current study region plotted as a
function of range from the 1000-m isobath.
An exponential fit to Q/f versus range
(solid line) allows transport and lateral
scale estimates for the current.
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